It has been found that the relation existing between temperature and the frequency of rhythmic neuromuscular activity, especially when derived from many careful measurements made upon single animals at short intervals over a fairly wide range of temperature (Crozier and Federighl, 1924-25), may throw light on the question of the identity of the chemical reactions supposed to control homologous biological processes (Crozier, 1925-26, b). The present paper reports experiments performed further to test this hypothesis by determining the temperature characteristic for the frequency of the heart beat in Blatta orientalis L. Observations were made from large nymphs ~ of this species. All were secured in one lot from Birmingham, Alabama, early in 1926, and were kept at room temperature, with sufficient air, in a wire cage, where food (such as raw potato, butter, breadstuffs, and dead cockroaches) was available.
attached to them, served to prevent movement forward or backward in the tube. The latter was connected at one end by way of rubber tubing to a suction pump, and at the other opened indirectly to the air of the laboratory; with the enclosed cockroach it was held immersed in the water of a rectangular thermostat. The bulb of a sensitive thermometer (graduated to 0.1°C.) was enclosed in air within a length of glass tubing of the same cross-section as that of the tube holding the animal, and was held close to the latter in order to approximate the same conditions. The light from the lantern, after passing through infra-red filters, was admitted to the thermostat only through an opening in a shield covering the exposed side. Here a lens concentrated the rays upon the ventral surface of the animal. A second shield of metal, fitted to the tube and with a small opening admitting illumination only to the thoracic sterna, protected the eyes of the observer from the glare and reduced photic excitation of the animal. A larger opening in the shield on the opposite side of the tube exposed to view most of the dorsum of the cockroach. Besides thus partly shielding the animal, further unnecessary photic stimulation was avoided by switching off the lamp between sets of readings.
The time for nine complete heart beats was determined with a stop-watch. As the several chambers pulsate almost synchronously in the normal cockroach, and at least at the same rate, that thoracic or (first, second, or third) abdominal segment was observed which during a given reading seemed most favorably situated. For every temperature step in a series, at least three, generally five, and occasionally up to eleven separate counts were made with a view to compensating the variations. Thus the present material represents somewhat more than 1500 stop-watch readings. In general these refer to the animal in a quiescent state; but for some sets it was virtually impossible to obtain (as was regularly attempted) complete counts without some coincident movements of body or legs. This probably did not greatly alter the average times recorded, or more in one sense than the reverse, for the consequent increase or decrease of heart rate (generally the former, but often apparently first one and then the other) seemed to be compensated in the course of two or three counts, possibly because of a fairly rapid rhythm of fluctuation (cf. Crozier and Stier, 1924-25) . Although movements of the alimentary tract induced no obvious change in the cardiac rhythm, I largely avoided making counts while such movements were more agitated.
The temperature was changed in steps of about 1 ° , rarely as great as 2 °. After each such change a minimum of 10 minutes was allowed for adjustment before the next set of readings was taken. A portion of this interval passed while the air within the tube acquired the temperature of the thermostat, but during the last 5 minutes or more the mercury remained practically constant at the new level. The temperatures were read to 0.01°; in but a few exceptional cases did they vary as much as 0.2 ° from the first to the last of any single set of readings, and they are easily correct to -4-0.1 ° .
At each change of temperature (10 to 25 minutes before each set of readings), fresh air, passing first through nearly 1 m. of thin glass tubing in the thermostat, was drawn through the tube holding the cockroach. This procedure was a more than ample check upon disturbances which a change of oxygen or carbon dioxide tension might cause. In this connection I cite the remarkable case of Cockroach 10 which remained alive 29 days continuously in the tube. Its heart rate was approximately unchanged during more than 10 days, even with experimental exposure to 38.4 ° (once) and to 5 ° (twice); after each experimental series, air was drawn through the tube, but not oftener than every 8 to 48 hours.
II.
Satisfactory series of observations were completed with six individuals. ~ The data are transcribed in Figs. 1, 2, 3, and 4, where the logarithm of the frequency of the heart beat has been plotted against the reciprocal of the absolute temperature. The points represent the averages of the several readings made at each temperature step in a " r u n " .
It is apparent ~hat within narrow limits of variation all the series describe straight lines. The relation of frequency to temperature therefore fits the Arrhenius equation K~/ K~ ffi e (~/R) (1/T~-l/r,) , in which K~ and K~ are proportional to velocity constants at the respective absolute temperatures /'1 and T,, R the gas constant, Fro. 1. Series of observations with Animals 4, 5, 6, and 7. Arrows indicate whether the temperature was raised or lowered. The frequencies are factored to raise their logarithms in each of the upper five series respectively by 1.0, 0.8, 0.(5, 0.4, and 0.2 above the original values. The latter do not differ between series more than about 0.1 unit at any one temperature. The size of the symbols is such as to correspond to a probable error of 4-2 per cent of each average frequency, which is greater than the probable error found by calculation. The points marked by broken line symbols in the uppermost series were obtained before the animals had become adequately accustomed to the high temperature; hence the line was fitted to the rest of this series without considering them. Such deviations illustrate the necessity for careful thermal adaptation. and u the critical thermal increment ~or temperature characteristic (Crozier, 1924--25) . The value of u is fixed by the slope of the line best fitted to the points plotted; it may be computed from the graph, the frequencies being measures of the velocity constants.
Separate and repeated fittings to the series obtained from five individuals, shown in Figs. I and 2, lead to values of/~ ranging from 12,020 to 12,810 calories for temperatures between I0 ° and 38o. 3 The weighted average u = 12,500. Of the five animals one was cooled below I0°; two series from 19 ° to 5 ° show a "break" or marked change of temperature characteristic occurring at about 10 °, such that for lower temperatures g is of the order of 18,100 (Fig. 2) . Fig. 3 is a mass plot of the series (above I0 °) which are shown in Figs. I and 2, but adjusted by suitable factors to coincide at l I T = 0.0034. The combined series give a straight line for which g = 12,500 calories. This represents the mean for the range 10-38 ° , and is subject to a probable error of 4-0.6 per cent. The vertical width of the band of points, which as in other cases (Crozier and Stier, 1924-25) forms a ribbon with parallel margins, is an index of the variability encountered in the normal cockroach. On the basis of a selection of sets of readings representing wider deviations than usual in the data here reported, the latitude of variation for any one individual is with very few exceptions well within 4-7 per cent of the mean frequency at any one temperature. On a like basis, the probable error of the mean frequencies entered in the graphs is found seldom to exceed 4-2 per cent, being much less in about half the observations. In contrast to the others, one individual yielded data from which a dearly different magnitude of ~ must be derived. When a first "run" revealed a value of the order of 14,300, I made additional series of observations upon the same individual within 18 days after the first. Considered separately, the latter series give rise to values of u respectively higher and lower than the initial determination, yet safely 3 A very slightly lower average value is given by the "runs" of falling temperatures than by those of rising temperatures, but the difference is not great or consistent enough to be significant. Thus, of six comparable series (Fig. 1 ) the three during which the temperature was lowered give 12,020, 12,210, and 12,500 (mean = 12,240) , and the other three during which the temperature was raised give 12,060, 12,670, and 12,810 (mean ffi 12,510) . comparable and not to be classed with the previous cases averaging 12,500. Fig. 4 shows the data from three "runs." Coincidence is so nearly complete that a single line is drawn to represent the average, according to which # --14,100 (correct to ±300 or better) over the range 4.5-28°. 4 In this case no change to a higher temperature characteristic near 10 ° is .demonstrable for the lower rage of temperature. Excepting the first series, the latitude of variation is greater than for the other five animals (as much as double), yet the probable errors of the individual plotted frequencies only rarely exceed ± 2.5 per cent. For this animal, therefore, both a difference in ~ and the absence of a critical temperature at 10 ° ± serve to characterize the control of its heart rhythm as different from that of the others.
H E A R T B E A T IN T H E C O C K R O A C H
III.
The results make it clear that the heart rate in the late nymphal stage of the cockroach typically varies with the temperature in a w a y defined by ~ = 12,500 4-calories; but that a considerably higher critical increment (ca. 18,100) probably holds for the same animals at low temperatures, the critical point (Crozier, 1924 (Crozier, -25, 1925 at which the change occurs being 10°±. Although most of the animals ~ reveal above this temperature an approach to the mean value 12,500, with a constancy indicated by a standard deviation amounting only to 2.3 per cent, an exceptional individual may be found which in some (still unknown) respect differs from the typical so that the control of the heart rhythm lies in a process whose ~ is definitely Of another magnitude, namely 14,100±.
The pulsation of the dorsal vessel of insects is considered to be controlled by the central nervous system (Zawarzin, 1910-11), and Carlson (1905--06) reported evidence of both augmentary and inhibi4Another series obtained from this animal showed such abnormally high variability that ~, could not be determined with any reasonable degree of accuracy. Except that the observations were in this instance begun immediately after transference to the tube, little cause can be given for this instability, but a correlation with it of a general drop in heart rate may be noted. Both occur in cases of subnormal vitality, as other observations show. Thus Cockroach 10 showed both a marked increase in latitude of variation and an absolute flowing down of the heart rhythm after 4 weeks in the experimental tube. tory innervation of the heart of an orthopteran (Dictyphorus).5 The typical value of u (12,500) for the cockroach heart rate was therefore expected to accord quantitatively with values determined for other non-respiratory neuromuscular activities of arthropods presumed to depend upon the rate of "central nervous discharge" (Crozier, 1924-25) . It does so within limits of difference ascribable to errors of curve fitting or to consequences of uncontrolled body or limb movements. Thus Crozier and Stier (1924-25) have listed a number of such phenomena, for which u ---12,200:t:. More recently they have reported the same value applying to locomotor activity in tent caterpillars. In addition, Federighi e finds the heart beat of the annelid Nereis to show/~ =-12,400.
Neither is the exceptional case where tt = 14,100-4-entirely without counterpart, although it is very infrequent (Crozier, 1925-26, b) . A like value appeared (as an exception in series yielding 16,200) among Glaser's (1925-26) determinations for the heart rate of a pteropod and (as exception to 11,100) in Cole's (1925-26) findings for locomotion in Planaria. The data in the present instance offer nothing toward explaining the atypical value, for no difference was apparent in the treatment or condition of the animals. All that can be said is that the results point to the possible validity of 14,000+ as the temperature characteristic of one of several chemical reactions which may be supposed necessary to more than one type of vital process (Crozier, 1925-26 a, b) but which only exceptionally proceeds so slowly as to assume a governing r61e.
IV.
SUM%t&RY.
The frequency of pulsation of the intact heart in nymphs (final (?) instar) of Blatta orientalis L. increases with the temperature according to the equation of Arrhenius. The constant ~ has typically the same value, within reasonable limits of error, as that (12, 200) deduced for other, homologous activities of arthropods where the 5More recently Alexandrowicz (1926) has described in detail the innervation of the cockroach heart.
Federighi, H. (unpublished experiments).
